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Abstract An approach for generating efficient RNmS;mk
n

symmetry-based dual channel RF pulse schemes for

c-encoded broadband 15N–13C dipolar recoupling at high

magic angle spinning frequencies is presented. The method

involves the numerical optimisation of the RF phase-

modulation profile of the basic ‘‘R’’ element so as to obtain

heteronuclear double quantum dipolar recoupling sequen-

ces with satisfactory magnetisation transfer characteristics.

The basic ‘‘R’’ element was implemented as a sandwich of

a small number of short pulses of equal duration with each

pulse characterised by a RF phase and amplitude values.

The performance characteristics of the sequences were

evaluated via numerical simulations and 15N–13C chemical

shift correlation experiments. Employing such 13C–15N

double-quantum recoupling sequences and the multiple

receiver capabilities available in the current generation of

NMR spectrometers, the possibility to simultaneously

acquire 3D NCC and CNH chemical shift correlation

spectra is also demonstrated.

Keywords MAS � Solid state NMR �
Chemical shift correlation � Symmetry-based RF

pulse schemes � Multiple Receivers � RNA

Introduction

Mixing schemes leading to homo- and heteronuclear

dipolar coupling mediated coherence transfers form an

important building block of several RF pulse sequences

that are employed in the magic-angle spinning solid state

NMR studies of biological systems such as proteins and

RNAs. For example, 15N–13C and 15N–13C–13C chemical

shift correlation experiments involving 15N–13C dipolar

recoupling are used for the assignment of 15N and 13C

resonances in peptides, proteins and RNAs (Sun et al.

1997; Hong 1999; Rienstra et al. 2000; Pauli et al. 2001;

Detken et al. 2001; Castellani et al. 2003; van Rossum et al.

2003; Riedel et al. 2005; Frericks et al. 2006; Siemer et al.

2006; Kehlet et al. 2007; Hansen et al. 2007). Possibilities

for obtaining proton assignments in fully protonated pro-

teins via CANH, CONH and NCAH experiments using

direct proton detection at fast MAS have been demon-

strated recently (Zhou et al. 2007a). Coupled with empir-

ical backbone dihedral angles that can be obtained from
13C isotropic chemical shifts, 1H–1H distance restraints

obtained via the 3D CON(H)H experiment have been

successfully employed for obtaining the high resolution

structure of the b1 immunoglobulin binding domain of

protein G (GB1) that was uniformly labelled with 13C, 15N

and 2H nuclei and then back-exchanged with H2O (Zhou

et al. 2007b). Experiments involving the evolution of
13C–15N heteronuclear double-quantum coherences, either

under the influence of the CSAs of the coupled nuclei or

heteronuclear dipolar couplings with the directly attached
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protons, have permitted the extraction of torsion angle

constraints in proteins. Although weak dipolar couplings

between low c nuclei such as 15N and 13C are generally lost

under MAS, it is possible to inhibit the spatial averaging of

these couplings (Bennett et al. 1994; Griffin 1998; Dusold

and Sebald 2000; Baldus 2002). Levitt et al. (2002) have

developed an elegant symmetry-based approach that pro-

vides a convenient platform for designing efficient RF

pulse schemes for the recoupling and decoupling of dif-

ferent anisotropic nuclear spin interactions in rotating sol-

ids. Symmetry-based RF pulse sequences, in general, have

found diverse applications in MAS NMR studies of bio-

logical systems. Two classes of symmetry-based sequen-

ces, denoted as CNn
m and RNn

m, have been developed till

date. The CNn
m class of RF pulse schemes involves the

application of a basic element ‘‘C’’ corresponding to an RF

cycle with unity propagator URF (tc) = ±1. N such cycles

are applied over n rotor periods sr with successive C ele-

ments incremented in phase by m2p/N. RF pulse sequences

belonging to RNn
m symmetry involve the application of the

pulse sandwich {R/R-/}, corresponding to a propagator

URF = exp(-i4/Iz), where / = pm/N and R is typically a

pulse that rotates the nuclear spins through 180� about the

x-axis. The pulse sandwich {R/R-/} is repeated N/2 times

over n rotor periods so as to form an RF cycle with unity

propagator URF (tc) = ±1. N, n and m are all integers and

appropriate values for these are chosen, via the selection

rule for CNn
m and RNn

m symmetry, to generate the desired

average Hamiltonian. Recoupling of heteronuclear dipolar

interactions leading to polarization transfer is of interest in

this study and this can be achieved via four different

symmetry classes, denoted as CNmS;mk
n , CRNmS;mk

n , RCNmS;mk
n

and RNmS;mk
n , that require the simultaneous application of RF

fields at the Larmor frequencies of the two spins ‘S’ and

‘K’ involved. The phase incrementation for the S-spin

irradiation follows the above mentioned construction rule

for C-sequences (in the case of CNmS;mk
n or CRNmS;mk

n ) or for

R-sequences (in the case of RCNmS;mk
n or RNmS;mk

n ) and

depends on the symmetry numbers N, n and ms. Similarly,

the phase incrementation for the K-spin irradiation follows

the construction rule for C-sequences (in the case of CNmS;mk
n

or RCNmS;mk
n ) or for R-sequences (in the case of CRNmS;mk

n or

RNmS;mk
n ) and depends on the symmetry numbers N, n and mk

(Levitt 2002). The selection rules for dual channel

sequences have been derived (Brinkmann and Levitt 2001)

and a variety of inequivalent RNmS;mk
n and CRNmS;mk

n

sequences have been reported for achieving c-encoded

heteronuclear double-quantum recoupling, with suppres-

sion of all chemical shift anisotropies and homonuclear

dipolar coupling terms. The performance of the symmetry-

based sequences critically depends on the choice of the

basic element and, typically, good candidate sequences are

identified via a combinatorial approach involving an

assessment of the performance of different inequivalent

sequences using a variety of composite pulse based basic

elements. Employing such an approach, Brinkmann and

Levitt have shown that the symmetries R227
9,6, R249

8,7 and

R249
-5,-10, together with the corresponding R elements

{(p/2)p(2p)0(p)p(p/2)0}s,k, {(p/2)p(2p)0(p)p(p/2)0}s,k and

{(p/3)0(5p/3)p(p/3)0}s,k, lead to satisfactory broadband
13C–15N double-quantum recoupling. However, it is con-

ceivable that the RF pulse schemes identified via the

combinatorial approach need not necessarily represent the

best possible solutions that can be generated for achieving

dipolar recoupling. In addition, due to the dependence of

the RF field strength requirements on the spinning speed

employed, it may be even difficult to implement symmetry-

based dipolar recoupling schemes based on conventional

composite RF pulses, such as those mentioned above, in

certain spinning speed regimes. With such sequences, the

RF field strength requirements could become either too

large that is beyond the hardware limits of the spectrometer

system or could lead to substantial signal losses due to

interference between the decoupling and recoupling RF

fields (Bennett et al. 1998). It is worth mentioning that in

MAS solid state NMR based structural studies of biomo-

lecular systems it is advantageous to employ high Zeeman

fields for obtaining improved sensitivity and resolution. On

the other hand, the effects of CSA also increase with higher

Zeeman field strength employed and this typically makes it

necessary to carry out the experiments at high MAS fre-

quencies to minimise spinning sideband intensities. High

MAS frequencies are also useful for generating chemical

shift correlation spectra via direct 1H detection. Hence,

methods that facilitate the design of efficient dipolar re-

coupling schemes for applications at high MAS frequencies

are of great interest in biomolecular NMR studies. Moti-

vated by these factors, we have been examining recently an

alternative approach for designing efficient symmetry-

based dipolar recoupling schemes (Herbst et al. 2009a, b,

c). In this approach, symmetries that would potentially lead

to satisfactory solutions are first identified taking into

consideration the MAS frequency to be employed and the

available/applicable RF power. In the second step, phase/

amplitude modulated 180�/360� RF pulses with appropriate

duration, as determined by the symmetry and MAS fre-

quency, were generated considering a simple spin-1/2

system and different inversion/null-rotation bandwidths. In

the final step, these pulses were used as the starting point

for the numerical optimisation to generate RF pulse

sequences with satisfactory magnetisation transfer charac-

teristics over the required range of resonance offsets and

RF field inhomogeneities. Such an approach was success-

fully adopted in the design of CNn
m and RNn

m symmetry-

based pulse schemes for generating 13C–13C dipolar and

scalar coupling mediated chemical shift correlation spectra
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at high MAS frequencies. The efficacy of this approach for

the design of broadband RNmS;mk
n symmetry-based pulse

schemes for c-encoded 15N–13C double quantum dipolar

recoupling is demonstrated here via numerical simulations

and experimental measurements. Employing symmetry-

based 13C–15N double-quantum recoupling sequences and

the multiple receiver capabilities available in the current

generation of NMR spectrometers, the possibility to

simultaneously acquire 3D NCC and CNH chemical shift

correlation spectra is also demonstrated.

Numerical and experimental procedures

15N–13C dipolar recoupling sequences were generated at a

few representative MAS frequencies considering simulta-

neous application of 1H decoupling during mixing, unless

mentioned otherwise. Phase modulated 180� RF pulses of

constant amplitude were employed in this study as the

basic R elements and were generated via the global opti-

misation procedure ‘‘genetic algorithms’’ (GA) (Goldberg

1989; Forrest 1993; Judson 1997; Haupt and Haupt 2004;

Freeman and Wu 1987; Wu and Freeman 1989; Xu et al.

1992; Herbst et al. 2009a, b, c). The GA program package

GAlib (Wall 1996), as employed in our recent study

(Herbst et al. 2009a, b, c), was used. Typically, a popula-

tion size and number of generations of 500 were used in the

GA calculations. The pulses were implemented as a

sandwich of a small number of pulses of equal duration,

typically in the range of 1.5–3.0 ls, and were generated

employing RF field strengths in the range of 15–45 kHz.

The GA derived pulses, with inversion bandwidths in the

range of 8–20 kHz, were generally constructed such that

the RF phase modulation profiles are symmetric with

respect to the center of the pulse and were used as the

starting basic R element in implementing RNmS;mk
n symme-

try-based pulse schemes. In addition to the inequivalent

RNmS;mk
n sequences with N B 24, n B 9 and N/n B 7 that

have been reported by Brinkmann and Levitt (2001) for

achieving c-encoded heteronuclear double-quantum re-

coupling, new sequences with N B 24 and n [ 9 and with

the same symmetry-allowed terms as in the study of

Brinkmann and Levitt [(m, ls, lk) = (1, -1, -1), (-1, 1,

1)] were also generated (see supplementary material) based

on the selection rules for dual channel pulse schemes. At a

given MAS frequency, only those symmetries were con-

sidered for which phase-modulated basic R elements of

required durations can be generated employing the avail-

able/applicable RF power. The phase modulation profiles

of the basic elements were subsequently optimised con-

sidering a two spin 15N–13C system via the nonlinear least-

squares optimisation procedure NL2SOL implemented in

the SPINEVOLUTION program (Veshtort and Griffin

2006) so as to achieve, over the resonance offset range of

the 15N and 13C nuclei, the best possible performance of

the symmetry-based scheme. Considering that the initial

rate of transfer of magnetisation from one spin to another is

a measure of the efficacy of the mixing sequence, with a

faster transfer representing an efficient dipolar recoupling,

optimised RF pulse schemes were obtained in this study by

monitoring the magnitude of longitudinal magnetisation

transferred to the carbon spin (Isz ? -Ikz) as a function of

the mixing time, starting with z magnetisation on the car-

bon spin at zero mixing time. Considering that in a simple

system of directly coupled 15N and 13C nuclei it is possible

to transfer magnetisation from one spin to another in a

relatively short period of *2–3 ms, DQ dipolar recoupling

sequences were developed in this study by maximising the

magnitude of the longitudinal magnetisation transferred to

the 15N spin at *2 ms. Typically, a resonance offset range

of ±5 kHz for 13C and either ±5 or ±1 kHz for 15N were

employed with different CSA values for the two nuclei.

The local optimisation run was repeated several times

varying all the RF phase values randomly over a range of

±10% and without restricting the phase-modulation profile

of the basic elements to be symmetric with respect to the

center of the pulse. These calculations were carried out

employing a variety of computer systems including a unix

cluster with 64 processors, incorporating RF field inho-

mogeneities (±5%) and considering only a limited number

of 32 crystallite orientations selected according to the

Zaremba-Cheng-Wolfsberg (ZCW) method (Cheng et al.

1973). A Zeeman field strength corresponding to a 1H

resonance frequency of 500 MHz and representative spin-

ning speeds of 15 and 20 kHz were employed in this study.

All simulations to assess the performance characteristics of

the pulse sequences were carried out with the SPINEVO-

LUTION program (Veshtort and Griffin 2006) considering

168 a and b powder angles selected according to the

REPULSION scheme (Bak and Nielsen 1997) and 16 c
angles.

The performance characteristics of the RNmS;mk
n symmetry-

based double-quantum dipolar recoupling pulse schemes

were evaluated experimentally by the acquisition of 15N–13C

chemical shift correlation spectra. The RF pulse sequence

shown in Fig. 1a was used for generating correlation data

arising from a single magnetisation transfer pathway, e.g.,
1H ? 15N ? 13C. The sequence Fig. 1b, involving dual

receivers, was applied for the simultaneous acquisition of

signals arising from both the magnetisation transfer path-

ways 1H ? 15N ? 13C and 1H ? 13C ? 15N. By appro-

priate phase cycling of the RF pulses (see figure captions),

signals arising via unwanted magnetisation transfer path-

ways, e.g., 1H ? 13C ? 13C, are eliminated. The initial

transverse 15N/13C magnetisation prepared by the first cross-

polarisation (CP) step is allowed to evolve under 1H
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decoupling during the t1 period and is then flipped to the

z-axis by a p/2 pulse. The longitudinal magnetisation is

allowed to evolve under the recoupled 13C–15N dipolar

coupling during the mixing period smix in the presence of

high power 1H decoupling. The 13C/15N magnetisation at the

end of smix is rotated back to the transverse plane and

φ1
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High power decouplingφ2

φ3

φ8

φ7
(φR)13C

(φR)15N

φ4
t1

1H

13C

15N

RNn
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RNn
νk sequence

φ10

t1 τmix t2

t2

τmix
HH

φ1
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φ7 φ8
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t3φ14 φ16
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(a)

(c)

(b)

Fig. 1 RF pulse sequences employed for generating chemical shift

correlation spectra. The sequences shown in a and b were applied for

obtaining 2D 15N–13C chemical shift correlation spectra via longitu-

dinal magnetisation exchange using either single (a) or dual receivers

(b). The RF pulses shown in blue and red are applied for generating

chemical shift correlation spectra via 1H ? 15N ? 13C and 1H ?
13C ? 15N magnetisation transfer pathways, respectively. The RF

pulses and the receiver phases were cycled as: /1 = (y, -y);

/2 = (x); /3 = (y); /4 = (2*x, 2*-x); /6 = /10 = (8*x, 8*y,

8*-x, 8*-y); /7 = (2*y, 2*-y); /8 = (4*x, 4*-x); (/R)15N = (x,

-x, -x, x, -x, x, x, -x, y, -y, -y, y, -y, y, y, -y, -x, x, x, -x, x,

-x, -x, x, -y, y, y, -y, y, -y, -y, y); (/R)13C = (x, -x, -x, x, x,

-x, -x, x, y, -y, -y, y, y, -y, -y, y, -x, x, x, -x, -x, x, x, -x, -y,

y, y, -y, -y, y, y, -y). The 13C and 15N signals were acquired in

t2 using the corresponding receivers in the two channels. The

pulse sequence employed for simultaneous acquisition of 3D NCC

(in blue) and CN(H)H (in red) data sets, respectively, via

1H ? 15N ? 13C ? 13C and 1H ? 13C ? 15N ? 1H magnetisa-

tion transfer pathways is shown in c. The RF pulses and the receiver

phases were cycled as: /1 = (y, -y); /2 = (x); /3 = (y); /4 = (2*x,

2*-x); /13 = (4*x, 4*-x); /14 = (8*x, 8*-x); /16 = (16*x, 16*-x);

(/R)13C = (x, -x, -x, x, -x, x, x, -x, -x, x, x, -x, x, -x, -x, x, -x,

x, x, -x, x, -x, -x, x, x, -x, -x, x, -x, x, x, -x); /10 = (y);

/11 = (4*x, 4*-x); /6 = (8*x, 8*-x); /7 = (x); /8 = (16*x, 16*-x);

/9 = (y); /17 = (x); /18 = (y); /19 = (32*-y, 32*y); (/R)1H = (x,

-x, x, -x, -x, x, -x, x, -x, x, -x, x, x, -x, x, -x, -x, x, -x, x, x, -x,

x, -x, x, -x, x, -x, -x, x, -x, x, -x, x, -x, x, x, -x, x, -x, x, -x, x,

-x, -x, x, -x, x, x, -x, x, -x, -x, x, -x, x, -x, x, -x, x, x, -x, x,

-x). The 13C and 1H signals were acquired in t3 using the corresponding

receivers in the two channels. High power 1H decoupling via SPINAL 64

(Fung et al. 2000; De Paepe et al. 2003) scheme was employed and

phase sensitive 2D and 3D spectra were generated by the States

procedure (States et al. 1982)
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detected in t2. An extension of the sequence Fig. 1b makes it

possible to simultaneously acquire 3D NCC and CN(H)H

chemical shift correlation data sets of appropriately isoto-

pically labelled biological systems (Fig. 1c). In this scheme,

the transverse 13C and 15N magnetisations generated via the

two magnetisation transfer pathways mentioned above are

allowed to evolve under the isotropic chemical shifts during

the t2 period and then flipped to the z-axis by p/2 pulses. The
13C longitudinal magnetisation, driven by a broadband

homonuclear dipolar recoupling sequence, e.g. RFDR

(Bennett et al. 1998), undergoes magnetisation exchange

during the mixing period smix
CC and is then brought back to the

transverse plane for direct detection during the t3 period.

After the completion of the acquisition of the 13C FID, the
15N longitudinal magnetisation is brought back to the

transverse plane and subjected to a short CP step for trans-

ferring the t1 and t2 modulated 15N magnetisation to the

directly attached proton. The proton magnetisation is then

flipped to the z-axis and longitudinal magnetisation

exchange mediated by proton–proton dipolar couplings is

allowed to take place during the mixing period smix
HH. The

proton magnetisation at the end of the mixing period is

rotated back to the transverse plane for direct detection

during the t3 period. Phase-sensitive data were generated via

standard procedures. Polycrystalline (13C, 15N) labelled

samples of L-histidine hydrochloride monohydrate and the

CUG triplet repeat expansion RNA (CUG)97 (see supple-

mentary material for a schematic representation) were used

in the experimental studies carried out on a 500 MHz wide-

bore Bruker Avance III solid state NMR spectrometer

equipped with 3.2/2.5 mm triple resonance probes with the

cooling air kept at a temperature of *-50�C. Other details

are given in the figure captions.

Results and discussion

Numerical optimisation runs for generating efficient

RNmS;mk
n symmetry-based dual channel RF pulse schemes

for c-encoded broadband 15N–13C dipolar recoupling were

carried out at MAS frequencies of 15 and 20 kHz consid-

ering representative values for the range of resonance

offsets, RF field strengths and CSA parameters in the 15N

and 13C channels. In general, it was possible to employ a

variety of symmetries for achieving efficient double-

quantum dipolar recoupling and, additionally, for each

symmetry a variety of phase-modulated basic elements

leading to efficient dipolar recoupling could be generated.

Using a Mac Pro with 4 cores, typically, generation of

symmetry-based dipolar recoupling schemes could be

achieved in a short time (\1 h). Other details are given in

the figure captions. The simulated performance character-

istics of some of the RNmS;mk
n symmetry-based sequences

generated at the MAS frequency of 15 kHz are shown in

Fig. 2 along with the optimised RF field-modulation pro-

files of the basic elements (a1–a4, b1–b4). The optimised

profiles (a1–a3, b1–b3) and (a4, b4) were, respectively,

obtained considering a resonance offset range of (±5,

±5 kHz) and (±5, ±1 kHz) for 13C and 15N nuclei. The

simulated plots (c1–c4) show the magnitude of the trans-

ferred magnetisation (normalised to the maximum trans-

ferable signal) on nitrogen starting with z magnetisation on

carbon at zero mixing time. Plots given in Fig. 3d1–d4

show, as a function of the resonance offsets of the dipolar

coupled nuclei, the magnitude of the transferred magneti-

sation on nitrogen at smix values given in the figure caption.

Optimised pulse profiles were first generated considering

nominal values for 15N and 13C CSAs (a1, b1; a4, b4).

Although such optimised phase-modulation profiles could

be obtained using a relatively smaller RF field strength it

was seen via numerical simulations that the performance

characteristics of such sequences were not satisfactory in

the presence of large CSAs. Hence, optimised profiles were

generated considering explicitly large CSA values in the

numerical calculations (a2, b2; a3, b3). In comparison to

the sequence R249
-5,-10 with the basic R element {(p/

3)0(5p/3)p(p/3)0}s,k (Brinkmann and Levitt 2001), the

performance of the numerically optimised symmetry-based

sequences is seen to be better. In addition to the above

mentioned sequences, dipolar recoupling schemes

employing smaller RF field strengths were also generated

considering a 15N and 13C resonance offset range of (±1,

±1 kHz) (data not shown). Analogous to the plots in

Fig. 2, the simulated performance characteristics of some

of the RNmS;mk
n symmetry-based sequences generated at a

MAS frequency of 20 kHz are shown in Fig. 3 along with

the optimised RF phase-modulation profiles of the basic

elements (a1–a3, b1–b3). The phase-modulation profiles

shown in (a1, b1) and (a2, b2; a3, b3) were generated,

respectively, considering nominal and large CSA values.

As expected, the performance of the numerically optimised

symmetry-based schemes reported here were in general

found to be not affected by minor variations (±5%) in the

RF field strength employed. In addition to the symmetries

mentioned above, efficient heteronuclear dipolar recou-

pling could also be achieved with other symmetries and the

phase modulation profiles of the corresponding basic R

elements are given in the supplementary material. While

the recoupling sequences reported here were generated

considering a heteronuclear dipolar coupling strength of

1 kHz, it was seen that it is equally possible to generate

efficient recoupling sequences considering a smaller dipo-

lar coupling strength. From the numerical simulation

results shown in Figs. 2 and 3 it can be seen that it is

possible to implement efficient DQ recoupling schemes

even at high MAS frequencies using only a moderate

J Biomol NMR (2010) 47:7–17 11
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13C/15N RF field strength of less than 50 kHz by choosing

appropriate symmetries.

The performance characteristics of the symmetry-based

sequences reported here were first assessed via experi-

mental measurements carried out on a polycrystalline

sample of histidine and some of the symmetries were

subsequently employed for obtaining 15N–13C chemical

shift correlation spectra of the CUG triplet repeat expan-

sion RNA (CUG)97. Some representative data generated

employing the different RF pulse schemes given in Fig. 1

are presented here and in the supplementary material.

Figure 4 shows the 2D 15N–13C chemical shift correlation

spectra obtained via longitudinal magnetisation exchange

at a spinning speed of 20 kHz (a) and 15 kHz (b, c) using

the R2422
-5,7 (a) and R1817

-4,3 (b, c) symmetry-based phase-

modulated double-quantum dipolar recoupling schemes.

The spectra (a) and (b, c) were, respectively, obtained

employing the RF pulse schemes given in Fig. 1a and b.

While the spectrum (a), collected via the magnetisation

transfer pathway 1H ? 15N ? 13C, was obtained using a
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Fig. 2 Phase-modulation profiles (ai, bi)i=1-4 and simulated mag-

netisation transfer characteristics (ci, di)i=1-4 of the numerically

optimised symmetries R209
5,6 (a1, b1, c1, d1), R2422

-5,7 (a2, b2, c2,

d2), R1817
-4,3 (a3, b3, c3, d3) and R209

5,6 (a4, b4, c4, d4). The

optimised profiles (a1–a3, b1–b3) and (a4, b4) were, respectively,

obtained considering a resonance offset range of (±5, ±5 kHz) and

(±5, ±1 kHz) for 13C and 15N nuclei. At a spinning speed of 15 kHz

and for a Zeeman field strength corresponding to a 1H resonance

frequency of 500 MHz, simulations with these symmetries were

carried out, respectively, with R elements of durations 30, 61.1, 63.0,

30 ls, and with 13C and 15N RF field strengths of (35, 35 kHz), (44,

44 kHz), (43, 43 kHz) and (35, 25 kHz) during mixing. The

simulated plots (c1–c4) show the magnitude of the transferred

magnetisation (normalised to the maximum transferable signal) on

nitrogen starting with z magnetisation on carbon. The simulations

were carried out using following chemical shift, scalar and dipolar

coupling parameters: plots shown in green: 13C: isotropic shift

diso = 0 ppm, shift anisotropy daniso = -19.43 ppm, asymmetry

parameter g = 0.98, Euler angles XPM = {99.4�, 146.0�, 138.9�},
15N: diso = 0 ppm, daniso = 0 ppm, g = 0, XPM = {0�, 0�, 0�},

dipolar coupling D = 1,000 Hz, XPM = {0�, 0�, 0�}, J-coupling

J = 6.3 Hz; plots shown in red: 13C: isotropic shift diso = 0 ppm,

shift anisotropy daniso = -76.0 ppm, asymmetry parameter g = 0.9,

Euler angles XPM = {0�, 0�, 94.0�}, 15N: diso = 0 ppm, dani-

so = 99.0 ppm, g = 0.19, XPM = {-90�, -90�, -17�}, dipolar

coupling D = 1,000 Hz, XPM = {0�, 0�, 0�}, J-coupling

J = 6.3 Hz. Plots shown in blue were generated employing the

sequence R249
-5,-10 with the basic R element {(p/3)0(5p/3)p(p/3)0}s,k

using smaller (c1) or larger (c2) CSA values, respectively. Plots given

in (d1–d4) show, as a function of the resonance offsets of the dipolar

coupled nuclei, the magnitude of the transferred magnetisation on

nitrogen at a smix of 2.4, 2.9, 2.4, 3.0 ms, starting with z magnetisation

on the carbon spin at zero mixing time and using smaller (d1, d4) or

larger (d2, d3) CSA values, respectively. The RF phase values for the

20 slices of the basic R elements are given in the supplementary

material
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CP contact time of 2 ms, the spectra (b) and (c) were

collected simultaneously employing a short CP contact

time of 300 ls. A few representative cross-sections at the

positions indicated in spectra (b) and (c) are also given to

indicate spectral quality. The corresponding spectral cross-

sections taken from data collected under similar experi-

mental conditions using the symmetry R249
-5,-10 with the

composite pulse based R elements {(p/3)0(5p/3)p(p/3)0}s,k

are also given for comparison. In agreement with the

numerical simulations, the symmetry-based sequence with

the numerically optimised basic R element performs better.

The crosspeak intensities seen in the heteronuclear corre-

lation spectra are not only related to the efficacy of the

dipolar recoupling scheme but also to the magnitude of
15N/13C magnetisation at smix = 0. The large CP contact

time employed in generating the spectrum in Fig. 4a leads

to 15N ? 13C crosspeaks with measurable signal intensi-

ties even for 15N nuclei without any attached protons, e.g.

N1, N9 ? C10; GN7 ? GC5,C8. All the 15N ? 13C corre-

lation peaks leading to the characteristic connectivity pat-

terns of the different nucleotides can be clearly seen in this

spectrum. The crosspeak intensities observed in 15N–13C

chemical shift correlation spectra can be very weak in sit-

uations where there is a significant reduction in the trans-

verse magnetisation generated at the end of long CP

contact times. Under these circumstances, it may be

advantageous to employ short CP contact times and dual

receivers to generate 15N–13C chemical shift correlation

spectra simultaneously via both the magnetisation transfer

pathways 1H ? 15N ? 13C and 1H ? 13C ? 15N. In the

spectra shown in Fig. 4b, c collected with a short CP

contact time, the crosspeaks essentially arise, respectively,

from 15N and 13C nuclei with directly attached protons.

Although many of the CN correlation peaks present in

spectrum Fig. 4a are missing in spectrum 4b, many of these

missing correlation peaks, e.g. C10 ? N1, N9, could be

seen with measurable signal intensities in the spectrum

shown in Fig. 4c acquired with 15N detection. The possi-

bility to simultaneously acquire signals arising from the

two magnetisation transfer pathways mentioned above can

also be exploited to simultaneously acquire 3D NCC and

CNH data sets, as shown in Fig. 5. The 2D spectral pro-

jections (zoomed plot) given in Fig. 5 were generated from

3D CNH (smix
HH = 0) and NCC data sets. These were
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Fig. 3 Phase-modulation profiles (ai, bi)i=1-3 and simulated mag-

netisation transfer characteristics (ci, di)i=1-3 of the numerically

optimised symmetries R2220
-6,8 (a1, b1, c1, d1), R2422

-5,7 (a2, b2, c2,

d2) and R2220
-6,8 (a3, b3, c3, d3). The optimised profiles (a1–a3, b1–

b3) were obtained considering a resonance offset range of (±5,

±5 kHz) for 13C and 15N nuclei and nominal (d1) or larger (d2, d3)

CSA values, respectively (see Fig. 2). At a spinning speed of 20 kHz

and for a Zeeman field strength corresponding to a 1H resonance

frequency of 500 MHz, simulations with these symmetries were

carried out, respectively, with R elements of durations 45.5, 45.8,

45.5 ls, and with 13C and 15N RF field strengths of (33, 33 kHz), (44,

44 kHz) and (45, 45 kHz) during mixing. The simulated plots (c1–c3)

show the magnitude of the transferred magnetisation (normalised to

the maximum transferable signal) on nitrogen starting with z
magnetisation on carbon. The simulations were carried out using

chemical shift, scalar and dipolar coupling parameters as in Fig. 2.

Plots given in (d1–d3) show, as a function of the resonance offsets of

the dipolar coupled nuclei, the magnitude of the transferred magnet-

isation on nitrogen at a smix of 3.0, 3.3, 3.0 ms, starting with z
magnetisation on the carbon spin at zero mixing time and using

smaller (d1) or larger (d2, d3) CSA values, respectively. The RF

phase values for the 20 slices of the basic R elements are given in the

supplementary material
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Fig. 4 2D 15N–13C chemical shift correlation spectra of (CUG)97.

The spectrum a was collected at a spinning speed of 20 kHz via the

magnetisation transfer pathway 1H ? 15N ? 13C employing the RF

pulse sequence given in Fig. 1a, a CP contact time of 2 ms, the

R2422
-5,7 symmetry with the corresponding numerically optimised R

elements (pmp) given in Fig. 3a2 and b2, a mixing time of 1.1 ms,
13C and 15N RF field strength of 44 kHz, 96 transients per t1
increment, 96 t1 increments, a spectral width in the indirect dimension

of 12,000 Hz and a recycle time of 2.5 s. The RF carriers were kept

approximately at the center of the spectral regions. The spectra b and

c were collected simultaneously at a spinning speed of 15 kHz,

employing the RF pulse sequence given in Fig. 1b, a short CP contact

time of 300 ls, a mixing time of 1.13 ms, the R1817
-4,3 symmetry with

the corresponding numerically optimised R elements given in

Fig. 2a3 and b3, 13C and 15N RF field strength of 43 kHz, 48

transients per t1 increment, 128 t1 increments, a spectral width in the

indirect dimension of 14,000 Hz and recycle time of 2 s. The RF

carriers were kept approximately at the center of the spectral regions.

A few representative cross-sections taken at the positions indicated in

spectra b and c are also given. The corresponding spectral cross-

sections taken from data collected under similar experimental

conditions using the symmetry R249
-5,-10 with a composite pulse

based R element (cmp) (see text) are also given for comparison. The

spectrum using the symmetry R249
-5,-10 was collected employing a

mixing time of 1.2 ms and with 13C and 15N RF field strengths of

47 kHz
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collected via the RF pulse sequence given in Fig. 1c at a

spinning speed of 20 kHz employing L-histidine hydro-

chloride monohydrate. As in Fig. 4a, the 15N–13C mixing

was achieved via the R2422
-5,7 symmetry-based phase-

modulated double-quantum dipolar recoupling scheme.
13C–13C dipolar recoupling during the mixing period smix

CC

was carried out in the absence of 1H decoupling via the

RFDR sequence. Broadband phase-modulated inversion

pulses of 12 ls duration applied with an RF field strength

of 100 kHz and the xy-16 phasing scheme (Herbst et al.

2009a) were employed. Other details are given in the figure

caption. As expected, the short mixing time of

smix
CN = 1.1 ms leads to crosspeaks originating only from

directly coupled 15N–13C spin pairs. While relayed mag-

netisation transfers arising from 13C–13C dipolar recou-

pling can be clearly seen in the 3D NCC spectral

projections, the CH and NH projections from the 3D CNH

spectrum show only crosspeaks arising from directly bon-

ded 13C–15N–1H spin networks due to smix
HH = 0. However,

the availability of appropriately 13C, 15N and 2H labelled

protein samples would make it possible to obtain infor-

mation about 1H–1H spatial proximities via longitudinal

magnetisation exchange mediated by proton–proton dipolar

couplings during the mixing period smix
HH (Zhou et al.

2007b). As in our recent study (Herbst et al. 2008) the RF

pulse sequence given in Fig. 1c can be easily modified to

take different spectral width requirements in the 15N and
13C channels into account. The 3D data sets were collected

in this study via the conventional approach of incrementing

t1 and t2 step-by-step. However, it is possible to achieve

further reduction of the data acquisition time by incre-

menting t1 and t2 simultaneously and generate the 3D

spectra via the projection-reconstruction procedure (Kupce

and Freeman 2004).

The results presented here clearly demonstrate that it is

possible to implement efficient RNmS;mk
n type of symmetry-

based dual channel RF pulse schemes for c-encoded

broadband 15N–13C dipolar recoupling at high MAS
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Fig. 5 2D spectral projections (zoomed plot) generated from 3D

CNH (smix
HH = 0) and NCC data sets that were acquired simultaneously

employing the RF pulse sequence given in Fig. 1c, a spinning speed

of 20 kHz, a CP contact time of 300 ls, a uniformly (13C, 15N)

labelled sample of L-histidine hydrochloride monohydrate, 32 tran-

sients per t1 increment, 32 t1 and t2 increments, 15N and 13C spectral

widths in the indirect dimension of 20,000 Hz and a recycle time of

2 s. The 15N and 13C RF carriers were kept at 120 ppm. The 15N–13C

mixing (smix
CN = 1.1 ms) was achieved via the R2422

-5,7 symmetry-

based phase-modulated double-quantum dipolar recoupling scheme,

as in Fig. 4a. 13C–13C dipolar recoupling (smix
CC = 2.4 ms) was carried

out in the absence of 1H decoupling via the RFDR sequence

employing broadband phase-modulated inversion pulses of 12 ls

duration applied with an RF field strength of 100 kHz and the xy-16

phasing scheme (Herbst et al. 2009a)
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frequencies. The symmetry-based approach provides a

large number of inequivalent RNmS;mk
n sequences. It is seen

that it is possible to generate efficient dipolar recoupling

sequences by choosing appropriate symmetries, for which

phase-modulated basic R elements of required durations

can be generated employing the available/applicable RF

power. The fact that there exist a large number of possi-

bilities for implementing dipolar recoupling sequences via

the symmetry-based approach has to be considered as an

opportunity to be exploited rather than a headache to be

dealt with. While in the present study the R elements were

implemented as a sandwich of a small number of short

pulses of equal duration with each pulse characterised by a

RF phase value, it is conceivable that in situations where

basic elements of long duration are required, e.g. in the

design of band-selective recoupling sequences, it may be

advantageous to employ a finite Fourier series representa-

tion of the phase-modulation profile to minimise the

computational time required. It has to be mentioned that it

is necessary to carry out the numerical optimisation pro-

cedure considering a large number of appropriate symme-

tries for generating the best possible dipolar recoupling

sequence with the lowest possible applied RF field

strength. Such an investigation has not been attempted here

and is beyond the scope of the present study. In this study

dealing with broadband dipolar recoupling we have used

phase-modulated R elements of constant amplitude.

However, it is possible to employ amplitude and phase-

modulated R elements that may be required, for example, in

the design of efficient band-selective recoupling sequences

(Nielsen et al. 2009). The method outlined here can also be

extended to the design of recoupling sequences that can be

implemented without the simultaneous application of high

power 1H decoupling (see supplementary material). In the

context of the systems studied and the Zeeman field strength

employed, the 15N–13C DQ dipolar recoupling sequences

reported here were mostly developed by considering a res-

onance offset range of ±5 kHz for the 13C and 15N nuclei.

Initial studies indicate (see supplementary material) that it is

equally possible to generate recoupling sequences to satisfy

different bandwidth requirements in the 13C and 15N chan-

nels, e.g. for sequential backbone 15N and 13C resonance

assignments in proteins. The numerical approach presented

here can be adapted for generating REDOR-type heteronu-

clear dipolar recoupling schemes that can also be used for

CSA recoupling with suppression of chemical shift terms and

homonuclear dipolar couplings. Such studies are currently in

progress in our laboratory.
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